nematode Caenorhabditis elegans (Wilson et al., 1994; The Caenorhabditis elegans genome sequencing Hodgkin et al., 1995; Waterston and Sulston, 1995), by project has completed over half of this nematode's 100-systematic functional classification, clustering of gene Mb genome. Proteins predicted in the finished se-families, and comparison to other genomes. as multiple alignment methods (Gribskov et al., 1987; by hidden Markov models. This analysis also identified Henikoff and Henikoff, 1991; Krogh et al., 1994; Eddy, a number of previously unannotated domains. To in-1996). Furthermore, if the annotation is extracted autovestigate new apparently nematode-specific protein matically from matches to single sequences, it may be families, Wormpep was clustered into domain families on the basis of sequence similarity using the Domainer misleading or inappropriate, for instance if the annotaprogram. The largest clusters that lacked clear homol-tion pertains to a different domain or is not functionally ogy to proteins outside Nematoda were analyzed in relevant. A different approach, which is not as comprefurther detail, after which some could be assigned a hensive but is sometimes more sensitive and generally putative function. We compared all proteins in Worm-less ambiguous regarding the extent of homologous dopep 11 to proteins in the human, Saccharomyces cere-mains, is to search a database of preassembled multiple visiae, and Haemophilus influenzae genomes. Among alignments of protein domain families. An example of the results are the estimation that over two-thirds of such a database is Pfam (Sonnhammer et al., 1997), the currently known human proteins are likely to have which is based on recognition by hidden Markov models a homologue in the whole C. elegans genome and that (HMMs) (Krogh et al., 1994). Matches to Pfam families a significant number of proteins are well conserved provide a more general level of annotation. Here we between C. elegans and H. influenzae, that are not describe the Pfam-based classification of the proteins found in S. cerevisiae. ᭧ 1997 Academic Press
INTRODUCTION
gene and subsequent specialization of the ''daughters.'' Genome sequencing projects produce data that open In most cases the detailed functions, or roles, of the up many new areas of investigation, such as the analy-daughters are different, although their structure and sis of all the proteins encoded in a genome. Knowing the catalytic mechanisms are analogous. In fact, the majorcomplete set of proteins in an organism is important ity of proteins in higher eukaryotic genomes, and 30-for studies of protein evolution and function and for 50% in prokaryotes (Brenner et al., 1995; conclusive comparisons of the proteins present in dif-1996b), have clearly recognizable ''siblings'' that are ferent organisms (Koonin et al., 1996b; Tatusov et al., products of gene duplication. Such homologues are 1996) . In this paper, we take a closer look at the pro-called paralogues, while proteins in different organisms teins encoded in the genome of a higher eukaryote, the that diverged due to speciation are called orthologues (Hillis and Moritz, 1990) . Orthologues frequently have identical functions. To study groups of similar proteins
The largest apparently nematode-specific families were analyzed number of clusters, particularly in prokaryotes, a simple by running HMMs derived from the multiple alignments against clustering method might give the best approximation. swir11, which is a non-redundant combination of Wormpep 11, If one wants to build useful multiple alignments for each SwissProt 33,  cluster, the clustering algorithm has to be able to infer 1997). Prosite (Bairoch et al., 1997) patterns were searched with the perl script queryprosite, and coiled coil predictions were made with domain boundaries and must split the sequences at the program Pepcoil, which is part of the EGCG package (Rice et al., these locations. Since we wanted to analyze the clusters 1995) and uses the algorithm by Lupas et al. (1991) . The multiple by multiple alignment methods and since C. elegans has alignments and the tree were generated with Clustalw (Thompson many multidomain proteins, we chose to use the Do-et al., 1994) . The alignment figures were produced with Belvu (E. mainer algorithm (Sonnhammer and Kahn, 1994) , Sonnhammer, unpublished) , and the tree figure with TreeTool (Maidak et al., 1997) .
which strives to perform a domainwise clustering. We
The protein sets for the pairwise genome to genome comparisons selected the largest of the paralogue clusters generated were assembled the following way. Homo sapiens, all entries in this way that appeared to be unique to nematodes for SwissProt 33; C. elegans, all entries in Wormpep 11, except alternamore detailed analysis. In some cases, this resulted in tively spliced versions of the same gene; S. cerevisiae, all entries in a tentative functional assignment.
SwissProt 33 and all entries in SwissProt-TREMBL that were not 100% identical to (a part of) a SwissProt entry. To ascertain that no Finally, we compared the C. elegans proteins to the S. cerevisiae proteins were missed in Table 5 of proteins unique to proteins in the completely sequenced genomes of Sac-H. influenzae and C. elegans, all candidate proteins were also comcharomyces cerevisiae and Haemophilus influenzae and pared to the S. cerevisiae DNA sequences in EMBL 48 using Tfasta to a set of complete human proteins, to investigate the and Tblastn; H. influenzae, all entries in the TIGR set (ftp://ftp.tigr.
org/pub/data/h_influenzae). The human and yeast datasets contained amount of conservation throughout the three kingdoms both nuclear and mitochondrial encoded proteins. The 13 mitochonEubacteria, Fungi, and animals, and to examine how drial C. elegans proteins in SwissProt 33 were not included. The S.
useful knowledge of the C. elegans genome will be for cerevisiae dataset was somewhat redundant even after excluding the understanding human biology.
100% matching and included sequences. We did not wish to remove less than 100% identical proteins on the basis of similarity only, to avoid removing very similar paralogues. The human dataset could
MATERIALS AND METHODS
have been augmented by using EST data. We chose to not use these data, since their fragmentary nature makes the estimate of the numThe Wormpep database contains all proteins predicted in the seber of matches and their extent uncertain. quence produced by the C. elegans genome sequencing project and For the pairwise genome to genome comparisons, the MSPcrunch is available by anonymous FTP at ftp.sanger.ac.uk in /pub/databases/ parameters were set more stringently than the default, to reduce the wormpep. The data are also in principle available in the EMBL and number of spurious matches. We raised the score range of the ''twiGenBank databases as cosmid DNA sequences and in SwissProt and light zone'' from 35-75 to 45-80 and the bias composition criterion PIR as proteins. There are, however, a number of reasons to base to 0.8 with no pseudocounts. The accuracy was assessed by manual this analysis on Wormpep. The protein predictions are more up to inspection of a few genome comparisons in Blixem (Sonnhammer date, since they are extracted directly from the latest version of and Durbin, 1994) and Dotter . In ACEDB (Durbin and Thierry-Mieg, 1996) . During this process a the C. elegans to H. sapiens comparison, 125 protein assignments number of quality control checks are carried out to remove erroneous were removed by the increase in MSPcrunch stringency. Of these, predictions. For example, genes that span two cosmids are correctly only 9 were found likely to be true matches. We also performed the represented in ACEDB, but are not complete in the EMBL/GenBank same analysis on the 150 assignments (2% of the C. elegans proteins) sequence entries. A few proteins in Wormpep may still be fragments in the C. elegans to S. cerevisiae comparison that had only matches if they span two cosmids of which only one has been sequenced, or scoring below 80. Of these, only about 10 were dubious. Our method where the gene prediction is incorrect, or at the dozen or so bound-should thus be a good compromise between sensitivity and selectivity aries between regions sequenced in Cambridge and St. Louis. The for genomic comparison purposes. An alternative approach would be C. elegans World Wide Web servers (http://www.sanger.ac.uk and to apply other types of programs for postprocessing matches in the http://genome.wustl.edu/gsc) are the most up to date sources of se-twilight zone, such as dynamic programming and multiple alignment quence data, but only at the DNA level. Of the 7299 proteins in methods (Koonin et al., 1996b; Tatusov et al., 1996) . MSPcrunch Wormpep 11, 36 are alternatively spliced variants of other genes could also have been used in a less stringent mode, combined with confirmed by cDNA expressed sequence tag (EST) sequences. Often manual processing of twilight zone matches. For a detailed analysis, the difference between alternatively spliced genes is just one exon, coding for a few tens of amino acids. For this reason, only the first listed splicing variant of each gene was used for the analyses.
Blastp (Altschul et al., 1990) was used with the BLOSUM62 substitution matrix. Blastp output was filtered by MSPcrunch to remove biased composition matches and enhance the selection of consistent multiple match segments (Sonnhammer and Durbin, 1994) .
The Pfam matching was performed with the hmmfs and hmmls search programs, which are part of the HMMER package (Eddy, 1995) .
The clustering of Wormpep was performed by Version 1.6 of the Domainer program (Sonnhammer and Kahn, 1994) , using pairwise homology information from Blastp. A score threshold of 90 was used, and MSPcrunch was run in a mode that trims off overlapping ends of consecutive matches. Pfam-A 1.0 was used for the clustering analysis. The clusters were analyzed for similarity outside Nematoda by searching the consensus sequence of each cluster against the NCBI nonredundant database as of August 8, 1997, using Tblastn and MSPcrunch and removing matches to Nematoda with the program tax_filt (Walker and Koonin, 1997 Note. The number of domains may be somewhat overestimated for some families due to multiple fragment matches, and because multiple alternative splicing products were included, the number of C. elegans proteins may be slightly too high. manual inspection of the results is essential. However, the accuracy
The accuracy of the gene predictions in Wormpep achieved by MSPcrunch without manual processing in the twilight depends on the amount of evidence available. The prezone seems adequate for a reasonably reliable estimate of the overall dictions were made in an integrated analysis/gene prepercentage similarity between genomes. If anything, our method is diction workbench (Sonnhammer and Durbin, 1994) , conservative; we accept missing some weak matches as a tradeoff for rejecting most spurious ones.
in which an annotator combines different types of eviThe smaller sets of C. elegans proteins for Figs. 3 and 10 were dence (Scharf et al., 1994; Zhang et al., 1994;  Bisson generated by selecting a random subset from Wormpep 11. The reand Garreau, 1995; Rubin, 1996) . Genes for which gression was performed by fitting a logarithmic function to the simu-ESTs have been sequenced can be considered experilated datapoints in Microsoft Excel.
mentally verified in the regions that match, and genes with strong similarity to other proteins are usually
RESULTS
close to 100% correct. Gene predictions that lack these extrinsic pieces of evidence must rely solely on the DNA The C. elegans proteins for this analysis were presequence, exploiting statistical evidence for coding podicted from genomic sequences, as compiled in Wormtential and splicing signals. This is the case for a minorpep, Release 11 (see Materials and Methods). The ity of genes, however, since about one-third of the genes distribution of protein lengths in Wormpep is very have at least one EST match, and over half are similar skewed, as seen in Fig. 1 . The mean length is 450, to other proteins from C. elegans or other organisms. while the median is only 342. This is due to a small
The program that has been used for gene prediction, number of very long proteins. Nineteen predicted proGenefinder (P. Green, unpublished), generally predicts teins have more than 3000 amino acid residues. The most of the exons in the middle of genes correctly, while largest protein so far is K07E12.1, with 13,055 resiexons at the start and end, which often contain weaker dues. It contains some 10 fibronectin type 3 domains, signals, frequently are mispredicted if no extrinsic evi-6 immunoglobulin superfamily domains (cell-adhedence is available. Occasionally, close neighboring sion molecule-like), 1 epidermal growth factor-like genes may be fused, and single genes with long introns domain, 3 von Willebrand factor type A domains, and may be fragmented. Because of the uncertainty in the about 60 repeats of a new type. Such multiple-domain gene predictions, there is a certain error margin in the giants are frequently extracellular proteins that ofresults below. ten have a role in cell -cell binding.
Classification of Wormpep Entries by Pfam
Of the 7299 proteins in Wormpep 11, 2868 (39%) are functionally annotated. This was done manually, using a computer-assisted analysis workbench built around ACEDB (Sonnhammer and Durbin, 1994) . This annotation is not always easy to use for summary purposes, because the nomenclature used is variable, and it is not always complete. control protein.'' Guanylate cyclases also match the significance cutoffs Pfam's previously recorded familyspecific cutoffs that were chosen to exclude negatives. protein kinase family.
To summarize the families in a more consistent fash-All protein domains with 10 or more examples are listed in Table 1 . Many of the most frequent domains ion, we used the Pfam database of protein domain families (Sonnhammer et al., 1997) . We compared all Worm-are multiply repeated in single proteins. For example, 38 laminin-type EGF domains are spread in only 5 propep 11 sequences to all Pfam 2.0 families, using as Note. GPCR, G-protein-coupled receptor. a These families have been found independently and are described elsewhere (Troemel et al., 1995) .
teins, and the 184 ankyrin repeats are in only 40 pro-MSPcrunch approach (Sonnhammer and Durbin, 1994) were searched for Pfam matches. Five hundred nineteins. The collagen family, which is one of the most abundant C. elegans protein families, is not listed in teen matches to 319 previously unannotated C. elegans sequences were found. A number of these matches had Table 1 because it was not included in Pfam 2.0. Also listed in Table 1 is the occurrence of these domains in very high scores, indicating that they should have been found by BLAST too. We have found empirically that the entire S. cerevisiae genome. Many proteins specific for metazoa are completely absent in yeast, while many most matches found by Pfam but not by BLAST have scores below approximately 35 bits. Roughly half of occur at approximately the same rate. The only family that appears to be clearly more frequent in yeast is the the matches scored lower than this, thus representing genuinely novel classifications that are likely to have helicases (Pfam PF00270 and PF00271).
To look specifically for novel Pfam classifications, the been missed because the similarity to any one other protein was too weak. Matches above this score are 4431 proteins in Wormpep 11 that had no functional annotation after analysis with the standard Blast/ likely to have been missed due to human error. adds only a few more percent to the fraction of anno-reflected in Fig. 2 . Considering that this analysis is based on only the second release of Pfam, already a tated proteins, the analysis of proteins with BLAST matches benefits from Pfam matches too, by clearer substantial fraction of Wormpep is covered. The two approaches thus complement each other well; overall indication of domains and family annotation. Furthermore, cases in which Pfam detected previously uniden-annotation improvement is achieved by combining them. tified domains in previously annotated proteins are not To examine the size distribution of paralogue families teins, forming clusters of related proteins. The extent in Wormpep, a clustering analysis was performed. Many of internal matching in C. elegans is illustrated in Fig. clustering methods are known (e.g., Romesburg, 1989 ), 3, which shows the percentage of proteins that match but only a few are well-suited for protein sequences. The another for the current fraction of the genome and for two major problems are the fact that many sequences smaller fractions. This was measured in a relatively contain more than one protein domain and the uncerconservative way, counting only matches that are sig-tainty of family membership for marginal matches. At nificant according to MSPcrunch run with stringent present, no clustering algorithm can solve all these probparameters (see Materials and methods). By extrapola-lems without compromise. A choice has to be made between using a simple algorithm that is poorly suited tion, we find that when all the sequences are available,
FIG. 7-Continued
to protein sequences and one that tries to resolve the Methods exist to separate such clusters by manual inspection of a matching matrix (Watanabe and Otproblems but may suffer from other side effects.
To illustrate this, let us consider the simplest cluster-suka, 1995), by match overlap analysis [the CLUSDOM program (Koonin et al., 1996b) ], or by minimal spaning method, ''single linkage.'' The principle works as follows: All proteins are compared to one another, and ning tree analysis of segment pair regions (Hunter et al., 1992 , States et al., 1993 . We used the Domainer all significant pairwise matches are stored. The proalgorithm (Sonnhammer and Kahn, 1994) , which exteins are then linked together in clumps by joining all plicitly takes domains into account. Domainer keeps a proteins that have at least one match to one of the graph of segment information for each single-linkage proteins in the group. This method has no protection cluster and uses this to split them where sequences against the joining of unrelated clusters by multidodiverge and at sequence ends. The main drawback of main proteins or by spurious matches. We applied sinDomainer is that it is vulnerable to imperfections in its gle linkage clustering to Wormpep 11. Using Blastp input of pairwise similarity data. Incomplete matching filtered by MSPcrunch with a relatively stringent cutoff regions can cause Domainer to infer too many domain (twilight zone between scores 40 and 80) resulted in a boundaries, resulting in fragmentation of real domains. super-cluster containing about a third of all sequences.
Because of this overfragmentation, Domainer output MSPcrunch effectively removes biased composition often needs to be processed manually to produce true matches, but some spurious links will be accepted with domain families. However, the core domains are usuthese parameters. Raising the stringency to exclude ally of reasonable quality to use as a starting point, all matches scoring below 90 eliminated essentially all and the risk of merging unrelated families is small. spurious matches, but extensive joining of unrelated clusters still occurred due to multidomain proteins. The Domain-wise clustering of Wormpep. We can imlargest cluster contained 585 proteins, including such prove the Domainer clustering by using the previously diverse protein families as protein kinases, phospha-found matches to Pfam-A families. By removing these tases, proteases, protease inhibitors, transcription fac-matching segments, most of the large families, which are most prone to errors, are avoided, and correct dotors, and extracellular domains. main boundaries are introduced. The procedure we 6) suggests it may have a transmembrane location, but there is no detectable specific similarity to known used was to extract all sequence sections larger than 30 residues that were not covered in Pfam-A into separate transmembrane sequence families. Family 9 (Fig. 7) , the largest apparently nematode-specific family found, entries. A protein with a Pfam-A domain in the center that has long flanking regions on either side will thus is likely to be a family of G-protein-coupled receptors. This is indicated by the hydrophobicity plot and the generate two entries. By doing this, Domainer will consider each section an independent sequence, and the presence of a highly conserved arginine at the end of the third hydrophobic segment. The members in family boundary to the Pfam-A segment will be used as a real domain boundary.
9 are not randomly distributed throughout the genome. As seen in Fig. 7B , large clusters are present on chroRemoval of the Pfam-A matching segments from Wormpep 11 left 8221 segments, which were clustered mosomes V and X, while no member has been found in the extensively sequenced chromosome III. This sugusing Blastp and Domainer (see Materials and Methods). This yielded 1516 clusters between 2 and 58 members gests that these families arose by local gene duplication. There is also a strong correlation between the each, and 8602 singleton segments. The distribution of cluster sizes is shown in Fig. 4 . To analyze what propor-similarity and the distance between two members, which is illustrated by a tree in Fig. 7C . Members on tion of these are specific for C. elegans and other species in the phylum Nematoda, the consensus sequence of each the same cosmid are nearly always most similar to each other. The only exception in 10 cosmids with multiple cluster was searched against all known nucleotide sequences using Tblastn. Families with matches outside family members is C42D4.4, which does not cluster with the three other members on cosmid C42D4. Nematoda are shown in black on Fig. 4 One of the reasons for sequencing the genome of C. elegans was its importance as a model organism. InApparently Nematode-Specific Protein Domain sights from nematode biology can often be extrapolated Families to human biology. For example, work on the cell death genes ced-3, ced-4, and ced-9 has helped uncover the The largest protein clusters that were apparently nemapoptosis pathway regulating cell death in humans atode specific were analyzed in further detail. To improve (Hengartner and Horvitz, 1994; Chinnaiyan et al. , the quality of the alignments they were rebuilt from com-1997). Naturally there are differences, but many of the plete sequences. These alignments were searched against basic life-supporting functions involved in, e.g., energy SwissProt and SwissProt-TREMBL using HMM methods metabolism, replication, gene expression, and signaling as a second pass to look for matches to other are conserved throughout all phyla. Since C. elegans is organisms. Only families lacking clear homology outside a multicellular animal with a broad range of tissues Nematoda were considered. This way we have collected (nervous system, musculature, gut, etc.) it is hoped that 10 apparently nematode-specific families, which are many, if not most, human proteins will have a homolisted in Table 2 . Hydrophobicity patterns, coiled coil prelogue in the worm. Many events during early developdictions, and Prosite pattern matches were analyzed to ment and differentiation, such as body patterning by give additional clues to the function. the Hox cluster, are similar in the two organisms. To Three of the families are probably G-protein-coupled address the question of how much protein homology can receptors. Although the sequence similarity is weak, be expected between human and C. elegans, Wormpep it is supported by alternating hydrophobic/hydrophilic was compared with all human proteins in SwissProt. regions typical of receptors, and there is also a characIt has been proposed that most protein domains that teristically conserved arginine at the end of the third are present in two species belonging to different phyla predicted transmembrane helix. Some of the members are also found in many other phyla. In 1993, it was are expressed in sensory neurons and are likely to funcestimated that over 90% of these ''ancient conserved tion as olfactory receptors (Troemel et al., 1995) . The domains'' (ACRs) were already present as functionally fact that G-protein-coupled receptor subfamilies do not characterized entries in the sequence databases (Green find matches outside nematodes by standard sequence et al., 1993) . To reexamine the amount of conservation comparison methods is not surprising, since divergence between organisms from different kingdoms, we have rates of transmembrane proteins are typically higher also compared the C. elegans proteins to the proteins than for globular proteins.
in two completely sequenced genomes: the yeast S. cereThree examples of these families are shown in Figs. visiae and the eubacterium H. influenzae. 5-7. Family 2 (Fig. 5) has weak similarity to transthyretin (formerly called prealbumin), which transports Pairwise comparison of proteins in H. sapiens, C. elegans, S. cerevisiae, and H. influenzae. All proteins thyroid hormones. The hydropathy plot of family 8 (Fig. TABLE 3 the lowest of the numbers in each intersection is given in the diagram in Fig. 9 . The fact that S. cerevisiae in The largest contribution to the set of proteins shared H. influenzae is due to the eukaryotic protein kinases.
Haemophilus influenzae proteins 1680 (100%)
A number of other protein families are also specific to
Haemophilus influenzae proteins that match Homo sapiens 282 17%
eukaryotes, such as histones, tubulin, and many of the (1996) . We were surprised to note strong similarity entries.
between DNA polymerase I (HI0856) in H. influenzae and W03A3.2 in C. elegans, spanning the entire DNA from each genome were compared to all proteins of polymerase domain, yet no significant similarity to a the other genomes (see Materials and Methods). The results are listed in Table 3 and are summarised in Fig. 8 . The animals H. sapiens and C. elegans had the highest level of similarity, with 60% of the human proteins matching C. elegans. In general, the organism with the smaller genome has a larger proportion of its genome matching, and the organism with the larger genome has a larger number of proteins matching. In terms of percentages, H. influenzae is most similar to S. cerevisiae, which in turn is most similar to C. elegans, which in turn is most similar to H. sapiens. This is in agreement with the phylogenetic tree and increasing complexity of these organisms.
Common proteins in subsets of C. elegans, H. influenzae, and S. cerevisiae. To investigate further to what extent protein families are shared among organisms from different kingdoms, we also looked for proteins that intersect these genomes. We excluded H. sapiens from this analysis, since only about 5% of the human proteins have been sequenced completely. Because proteins come in families, two proteins in one genome may match one in another. When calculating the match intersection of two or more genomes, we   FIG. 8 . Percentages of the proteins in genomes representing Eutherefore obtain different numbers of matching pro-bacteria, Fungi, and animals that match one another. The percentteins for each genome being considered. Note. In the overlap cases, where the numbers can be counted from either genome, they are listed in the same order as the species in the left column. Within brackets are the percentages of the genome that was counted from. yeast protein was found. There is one yeast protein,
Human homologues in C. elegans. Nearly twothe mitochondrial DNA polymerase Pol-g, which is con-thirds of currently available human proteins have a sidered related to prokaryotic DNA polymerases homologue in 50% of C. elegans proteins. This figure (Braithwaite and Ito, 1993) , but the sequence similar-can clearly not be doubled to predict the coverage when ity is much weaker and confined to short motifs and the whole C. elegans genome is available. The main was not significant with our method. A more detailed reason for this is that most of the matching proteins analysis of this case is presented elsewhere (Sonnham-belong to families of homologues. We expect that most mer and Wootton, 1997) . There are thus a number of protein families in C. elegans already have at least one instances in which patterns of sequence conservation representative in Wormpep 11 and that a majority of clearly do not follow the groupings of the traditional the human proteins that have a homologue in C. elegphylogenetic tree of life.
ans already should have a match. To estimate the fracWhen comparing three genomes with each other, a tion of human proteins that will have a match to the ''bridging'' situation that often occurs is when one genome entire C. elegans genome, we fitted a curve to a number contains a protein that is significantly similar to proteins of smaller sets of C. elegans proteins, as shown in Fig. from the two other genomes that do not show significant 10. This curve suggests that approximately 70% of the similarity to each other. We noted several cases of this in human proteins in the set would match the entire C. the C. elegans/S. cerevisiae/H. influenzae comparison. For elegans genome, which is only 10% more than the fracexample, C. elegans WP:F48E3.3 is similar to the killer tion that matches half of it. toxin-resistance protein KRE5_YEAST (P22023) and to Another factor that may be inflating the apparent HI0259, but there is no discernible similarity between the proportion of human matches to C. elegans proteins is S. cerevisiae and the H. influenzae proteins. In such cases, that the currently available human sequences may be one could in principle infer homology indirectly. We have biased toward widespread protein families found in not pursued this strategy here, since most of the bridging model organisms. However, a similar result was obcases require a much more thorough manual analysis to tained in a study of 70 positionally cloned human disprovide conclusive evidence of homology.
ease genes (Ahringer, 1997) (representing a sample without this bias), which found that 65% of these matched Wormpep 11. As mentioned before, the number of isofunctional orthologues is significantly lower than the number of matching proteins. By ''isofunctional orthologue'' we mean homologues in different organisms that diverged due to speciation and still have the same biological role, as illustrated in Fig. 11 . Since nonorthologous homologues may have diverged in function, they are often less useful for precise inference of biological information. We have estimated the number of isofunctional orthologues between the human and the C. elegans datasets by looking for homologues that are reciprocally the most similar pair of proteins, as seen from both genomes. This is usually the case for isofunctional orthologues. Counting every matching protein pair would  FIG. 9 . Diagram of common proteins shared between three king-overestimate this number significantly.
doms. The numbers shown in intersecting areas are the lowest of the participating genomes. See Table 4 for details.
Further evidence for isofunctional orthology is that ber to 257. Given that only about 5% of the human proteins were used in the analysis, many of the func- The data points below 50% were obtained as described for Fig. 3 .
Perhaps one of the most striking results is the esti-also the case for only 1 of the 39 proteins found in C.
elegans and H. influenzae but not in S. cerevisiae. This mate that about 70% of the currently known human genes will have a homologue in the invertebrate C. strongly supports the ACR theory (Green et al., 1993) , which was based on the observation that over 90% of elegans. This underlines the appropriateness and usefulness of studying this nematode, and we can expect newly found ACRs were already in the databases. Our analysis suggests that this figure is now at least 95%. that the unraveling of molecular biological phenomena in it will greatly assist the understanding of human One of the most fundamental questions in bioinforbiology. One should keep in mind, however, that the matics is how much functional information can be inproportion of human homologues may decrease in the ferred from a particular similarity. Obviously, the more future as a less biased set of human genes is produced sequence similarity between two proteins, the more by genomic sequencing.
likely they are to have similar functions. We have adAnother striking result is that most protein domains dressed this in the C. elegans to H. sapiens comparison that are conserved in distantly related organisms have by looking for putative isofunctional orthologues acbeen biochemically characterized already. This is ex-cording to a number of criteria, and we found that it is emplified by the fact that of the 301 H. influenzae pro-likely to be true for 15-30% of the homologies. Nonorteins also found in C. elegans and S. cerevisiae, only 7 thologous homology, which often has a lower level of had no functionally annotated homologues. This was similarity, still allows many general features to be inferred, such as putative nucleotide binding moieties, protein-protein interaction domains, or catalytic activities. In such cases, the substrate(s) and the cellular role(s) can normally not be inferred from the homology. The scenario is more complicated if proteins in different organisms that perform identical functions, for instance a catalytic step in a metabolic pathway, have evolved from different ancestors. A number of such cases of ''nonorthologous gene displacement'' have re-
FIG. 11.
When two genomes are compared, the number of matchcently been described (Koonin et al., 1996a) .
ing proteins can be higher than the number of isofunctional orthologues. To illustrate this, consider the two genomes A and B,
Homologous proteins (i.e., proteins that were derived which are derived from an ancestor that contained one gene X and from a common ancestor) often have similar sequences, the paralogues Y and Y. The solid lines indicate isofunctional orbecause of the functional and structural constraints imthologues. After the speciation divergence between A and B, there posed on them. After long time spans, however, mutawere two duplications in A of gene X, giving rise to Xa, Xa, and XaЉ.
Although all these are technically orthologues of Xb, we distinguish tions accumulate, and the amino acid sequences may drift Xa from the others as the isofunctional orthologue, on the basis that beyond the point of recognition. Performing the analysis it maintained the original function while the others diverged. Estab-on the basis of sequence similarity may therefore not lishing isofunctional orthology is not trivial; a number of methods necessarily give the ultimate answer. The methods based are discussed in the text. Similarly, the gene duplication of Yb gives rise to more matches than isofunctional orthologues.
on comparing one sequence with another are at present probably close to as sensitive as they will ever get. It is or mutation, but what we observe today in the living organism is the result of the accumulation of a countpossible to look further back in time by using multiple alignment methods, since then strongly conserved fea-less number of ''lucky accidents. '' The fact that 39 proteins occur in both C. elegans and tures stand out more prominently. This was exemplified here by the fact that many of the apparently nematode-H. influenzae, but not in yeast, suggests that yeast does not contain a complete set of basic eukaryotic proteins, specific families could be assigned a possible function when multiple alignments were studied. For example, as but has lost some during evolution, possibly compensating for them with other proteins that can emulate their more members were gathered in families 4 and 5, it became increasingly clear that they were likely G-protein-function. Gene phylogenies that do not correspond to the species phylogeny may also be caused by replacement coupled receptors. Some families, e.g., family 8, which still only has a small number of (very similar) members, with a gene that was horizontally transferred from one organism to another, in which case the sequences are continue to defy functional prediction. This may change in the future as more members are found.
said to be xenologous (Gray and Fitch, 1983) . Some of the observations could also simply be caused by very different Still, C. elegans and other organisms seem to contain a large number of unique families with few members. rates of genetic drift of these proteins in yeast, which made it impossible to recognize true homologues. A more Are these truly unique protein families with novel folds? The answer must be sought with more sophisti-thorough analysis would be necessary to establish which hypothesis is most likely for each individual case. cated analysis methods than pure sequence comparison. Structural threading methods (e.g. Jones and An aspect of protein function that is of vital importance to biology is how proteins interact with each other Thornton, 1996; Moult, 1996) that fit a sequence to known structures to find the most likely fold may give in the network of pathways that make up a living cell.
That regulation and signal transduction is a major asan answer. However, it is not always clear what functional information can be transferred when two pro-pect of metazoan life is evident from the large number of protein kinases, receptors, and transcription factors teins with no sequence similarity share the same fold.
Our capability to recognize homologies was improved found in C. elegans. An important step toward understanding molecular mechanisms at this level is thereby searching a database of preassembled protein families such as Pfam, in addition to traditional single-sequence fore to make a complete inventory of all the known protein modules in this animal. database searching. Although the number of proteins that changed status from ''function unknown'' to ''putative function'' was not enormous, a large number of novel
